Microstructure of die-upset Nd-Fe-Co-Ga-B magnet was investigated with a scanning electron microscopy (SEM), high resolution and analytical transmission electron microscopy (HRTEM and ATEM). Inside the original melt-spun flakes in the magnet, the typical texture consists of fine platelet Nd 2 (Fe,Co) 14 B grains surrounded continuously by a thin grain boundary (GB) phase with 2-3 nm in thickness. The GB phase has an amorphous structure of which the chemical composition is Nd 44 Fe 39 Co 10 Ga 7 . It was found that high fluidity of the Nd-and Ga-rich GB phase contributes to produce a high crystallographic c-axis alignment of Nd 2 (Fe,Co) 14 B grains. Near the interfaces of the original flakes, morphology of the Nd 2 (Fe,Co) 14 B grains changes from platelet to globular involving the deterioration of c-axis alignment. Many Nd-oxide (NdO and fcc-(Nd,Fe)O x ) grains and a large amount of fine Nd 3 Co precipitates are formed near the interfaces, and then the composition of GB phase changes to Nd 36 Fe 50 Co 9 Ga 5 . The insufficiency of Nd in the GB phase and the existence of Nd-oxide particles prevent the anisotropic growth of Nd 2 (Fe,Co) 14 B grains, and then lead to the inhomogeneous GB phase and the low c-axis alignment.
Introduction
Die-upset Nd-Fe-B magnet attracts much attention in applications such as electronic power steering motors and servomotors for industrial robots due to its radial-oriented anisotropy. The die-upset magnet is produced by cold compression of melt-spun flakes, followed by hot die-upset. By applying the die-upset process, fine Nd 2 Fe 14 B grains inside the original melt-spun flakes grow to platelet-shape and then the crystallographic c-axes of Nd 2 Fe 14 B grains orient perpendicular to extrusion direction by the grain boundary sliding. [1] [2] [3] [4] [5] As the remanence of the die-upset magnets is not so high, it is strongly expected for improvement of the c-axis alignment of the Nd 2 Fe 14 B grains. Lewis et al. 6) reported by neutron and hard X-ray diffraction experiments that approximately 20% of the crystallites are misoriented by at least 30 from ideal alignment. Mishra et al. 4) reported by transmission electron microscopy (TEM) that total volume fraction of the misaligned grains is estimated to be 15% of the whole magnet. They also pointed out that a Nd-rich intergranular phase or a GB phase is not detected between the misaligned grains, while aligned Nd 2 Fe 14 B grains are separated with thin GB phase. These studies indicate that the GB phase plays an important role for the c-axis alignment of Nd 2 Fe 14 B grains. Recently, Kishner et al. 7) reported by HRTEM and energy dispersive X-ray spectroscopy (EDS) that the GB phase is an amorphous with a thickness of 0.4-2 nm, which contains of Nd, Ga, and a small amount of Co.
In the Nd-Fe-B based sintered magnets, it was pointed out that the typical texture consists of Nd 2 Fe 14 B grains about 5 mm in diameter covered with thin and homogeneous GB phase, and then contributes the high coercivity. 8, 9) It is also reported in the hydrogenation-disproportionation-desorptionrecombination (HDDR) magnets that such a thin GB phase exists around fine Nd 2 Fe 14 B grains about 300 nm in diameter. 10) Some of the present authors [11] [12] [13] found that the sintered magnet improved by the Tb-vapor sorption treatment has thin and continuous Tb-enriched GB phase and then increases the coercivity drastically. Therefore, the morphologies and the compositions of the GB phases are significantly affected not only the c-axis alignments but also their coercivities.
In this study, microstructure of die-upset Nd-Fe-Co-Ga-B magnet having relative high magnetic properties was investigated in details by SEM, HRTEM and ATEM. We focused on differences in the morphology of the grain boundaries in a high and a low oriented textures and discussed the influence of fluidity of the GB phase on the microstructure of the dieupset magnet.
Experimental
Nd-Fe-Co-Ga-B magnet was prepared by cold compression of melt-spun Nd 13:8 Fe bal. Co 6:6 Ga 0:45 B 5:9 melt-spun flakes, followed by die-upset at 1073 K. The die-upset magnet has 1.26 T in remanence and 1.20 MA/m in coercivity, respectively. Microstructural analyses were carried out with a SEM (Carl Zeiss URTLA 55), HRTEM (JEOL JEM-4000EX) and ATEM (FEI TECNAI-20F). SEM specimen was prepared by cross section polisher (JEOL SM-09020CP). TEM specimen was fabricated using a Ga þ focused ion beam (FIB) mill (Hitachi FB-2000K) with a micro-sampling unit. Damaged surface of the FIB specimen was gently removed by low angle Ar þ milling (Fischione Model 1010A). Elemental analyses were carried out using EDS systems of the SEM and the STEM equipped with a silicon drift detector (SDD) and a Si(Li) semiconducting detector, respectively. * Graduate Student, Kyushu University
Results and Discussion
A schematic illustration and a low magnified SEM image of a vertical plane in the die-upset Nd-Fe-Co-Ga-B magnet are shown in Fig. 1(a) and (b), respectively. One can see that there are dark big grains separated by bright fine particles. It can be seen that the bright fine particles are locally formed along interfaces of an original melt-spun flakes, because the dark big grain corresponds to the original flake. Figure 1 (c) and (d) show high magnified SEM images of the interior and the interface regions of the original flake. Since these SEM images were acquired with an energy selected backscattered electron (EsB) detector under a low accelerating voltage (2 kV), the image contrasts are nearly proportional to the averaged atomic masses or the compositions. 14) One can see in Fig. 1 (c) that fine grains with a dark contrast are separated by thin GB phase with a bright contrast. The dark grains correspond to the Nd 2 (Fe,Co) 14 B main phase and then their longitudinal directions well align along the extrusion direction. One can also notice that there are a few portions of pools of the GB phase at some triple junctions. Such a texture accounts for about 90% of the magnet. It can be seen in Fig. 1(d) , on the other hand, that a row of bright grains is formed near the interface of the original flake. The bright grains correspond to the white fine particles in Fig. 1(b) . One can also notice that the bright grains have two kinds of shapes, i.e., spherical (S) and polygonal (P), of which SEMEsB contrasts are slightly different. From SEM-EDS analysis, the chemical composition in the grain S was determined to be Nd 53 O 47 . On the other hand, the grain P contains considerable amount of Fe. The Fe content was about 5$10 at% for all the grains P observed, whereas the Nd and O contents were different from place to place (55$70 at%). It can be seen therefore that the two kinds of Nd-oxide phases are formed at the interfaces of the original flakes. Near the interfaces, most of the Nd 2 (Fe,Co) 14 B grow up to the grains with low aspect ratios, and the GB phase at the fat grains becomes unclear in many places. As marked by arrows in Fig. 1(d) , furthermore, one can see that big pools of the GB phase about 50 nm in size are formed at the triple junctions. One can easily distinguish the pools and the Nd-oxide grains in Fig. 1(d) , because the big pools have a slightly dark contrast as compared with those of the Nd-oxide grains. The formation of the pools of GB phase will be discussed later.
Typical TEM bright field (BF) images of the interior and the interface regions are shown Fig. 2(a) and (b) , respectively. One can see in Fig. 2(a) that the Nd 2 (Fe,Co) 14 B grains have a platelet-shape about 50 nm in width and 300 nm in length. Most of the boundaries between the platelet grains are very sharp and clear, though a few strain contrasts appear at some portions of grain boundaries as marked by arrows in Fig. 2(a) . In Fig. 2(b) , on the other hand, one can notice that two kinds of Nd-oxide phases S and P as shown in the previous SEM images ( Fig. 1(d) ). It was found from the selected area electron diffraction (SAED) analysis that the S phase possesses a face centered cubic (fcc) structure with a lattice parameter of about a % 0:51 nm and then corresponds to be the NdO phase (NaCl structure, a ¼ 0:4994 nm 15) ). On the other hand, the P phase possesses also a fcc structure, but the lattice parameter was measured to be about a % 0:56 nm, which is closed to that of the NdO 2 phase (CaF 2 structure, a ¼ 0:5542 nm 16) ). As mentioned above, the P phase contains 5$10 a%Fe and 55$70 at%O. In this paper, therefore, the P phase is denoted as fcc-(Nd,Fe)O x . Near the interface, the Nd 2 (Fe,Co) 14 B grains have about 80 nm in width and 200 nm in length, the morphology changes from the platelet to the globular. Besides, the number of portions with the strain contrast increases notably at the grain boundaries around the interface. Figure 2 ). In order to investigate the crystallographic c-axis alignment, SAED analyses were carried out for several Nd 2 (Fe,Co) 14 B grains in the interior and the interface regions. An example of the SAED analyses is shown in Fig. 3 . Each of the SAED patterns was obtained under the same incident beam condition from the Nd 2 (Fe,Co) 14 B grains marked by the letters A-F in Fig. 2(a) . Systematic reflections of hkl ¼ 00l originated from the (001) atomic planes appear in all these SAED patterns, and thus we can estimate easily their c-axis orientations. One can notice in Figs. 2(a) and 3 that the perpendicular to the elongated directions, i.e., the minor axis directions, of the Nd 2 (Fe,Co) 14 B grains coincide almost with their c-axes. The minor axes of many Nd 2 (Fe,Co) 14 B grains were estimated by using the image processing program (ImageJ for windows ver. 1.44 18) ) where all the shapes of grains are approximate to ovals. Figure 4(a)-(d) show the histograms of the minor axis directions of the platelet grains (the aspect ratio ! 3) and the globular grains (the aspect ratio < 3). In Fig. 4(a) and (b) , it is seen that the minor axis directions of the platelet grains have fairly good distribution (approximately AE 20 ) in the both regions. In Fig. 4(c) and (d) , however, one can notice that the minor axis directions of the globular grains in the interface region show a remarkable wider distribution than those in the interior region. In addition, the number of the globular grains increases dramatically in the interface region. These results suggest that the minor axis distribution or the c-axis alignment of the Nd 2 (Fe,Co) 14 B grains deteriorates in the interface region due to the increment of the globular grains. Figure 5 shows a HRTEM image of grain boundaries between the platelet Nd 2 (Fe,Co) 14 B grains in the interior region. It can be clearly seen that there is homogeneous GB phase about 2-3 nm in thickness. The GB phase possesses an amorphous structure because it has a maze contrast peculiar to amorphous. Compared with the results reported by Kishner et al., 7) the GB phase in our specimen becomes thick slightly, but has a uniform thickness.
Detailed STEM-EDS analyses were performed for the typical platelet and globular Nd 2 (Fe,Co) 14 B grains in the interior and the interface regions, respectively. The results are shown in Figs. 6 and 7. It can be clearly seen in Fig. 6 that the platelet Nd 2 (Fe,Co) 14 B grains elongated along the extrusion direction are wrapped with the thin GB phase having a uniform thickness. The uniform GB phase is enriched in Nd and Ga, and poor in Fe, as compared with the Nd 2 (Fe,Co) 14 B grains. According the STEM-EDS results, the chemical composition of the GB phase is estimated to be Nd 44 Fe 39 Co 10 Ga 7 . The GB phase would contain essentially a large amount of Fe and Co, though the composition is not a little influenced by the both side of Nd 2 (Fe,Co) 14 B grains. However, the Nd concentration of the GB phase is considerably higher than those in the sintered magnets (25$ 30 at%Nd 9, 19) ) and in the HDDR magnet (15$25 at%Nd 10) ). In the sintered magnet, it is well known that the GB phase melts and penetrates to the grain boundaries between the Nd 2 Fe 14 B grains during the post-sinter annealing around 800 K. Therefore, the GB phase with higher concentration of Nd ($44 at%Nd) should have a higher fluidity during the die-upset process at 1073 K.
One can see in Fig. 7 , on the other hand, that a large amount of pools of the GB phase is formed at the triple junctions of the Nd 2 (Fe,Co) 14 B grains, and then the thickness of the GB phase changes inhomogeneously in places. The GB phase in the interface region is of Nd 36 Fe 50 Co 9 Ga 5 obtained by the similar STEM-EDS analysis. As compared with that of Fig. 6 , Nd content decreases extensively, but Fe content increases. One can also see in Fig. 7(d) that pools of the GB phase are enriched in Co. As shown in Fig. 7(a) , the strain contrasts appear in these Co-enriched grain boundaries. The result exhibits that the fine Nd 3 Co precipitates are formed at several parts of the grain boundaries. In Fig. 7 (e), Ga is detected from the regions of the Nd 3 Co precipitates. This feature suggests that the fine Nd 3 Co precipitates are embedded in the GB phase. As mentioned above, a large amount of the NdO and the NdO 2 grains is formed, and then the Nd content decreases in the GB phase near the interface. It is considered that the Nd 3 Co precipitate is easy to form with the relative increment of Co by the decrement of Nd.
Since the intermetallic Nd 3 Co is paramagnetic at room temperature, 20) it is not easy to think that Nd 3 Co phase influences magnetically. However, it is expected that the Nd 3 Co precipitate exhibits relatively high hardness because the Nd 3 Co phase has the same ordered structure as the cementite (Fe 3 C). This is consistent with the result that the strain contrast appears at the side of Nd 2 (Fe,Co) 14 B grain. Therefore, it is expected that the formation of such a hard precipitates degrades the fluidity of the GB phase extremely. The degradation of the fluidity causes the formation of the big pools of the GB phase instead of the thin GB phase near the interface area.
Large amounts of the Nd 3 Co precipitates in addition to the NdO and fcc-(Nd,Fe)O x grains are formed in the interface regions of the original flakes, and then the concentration of Nd in the GB phase decreases. The decrease of Nd causes the deterioration of the fluidity in the GB phase. The low fluidity and the existence of Nd-oxide particles prevent the anisotropic growth of Nd 2 (Fe,Co) 14 B grains accompanying with the grain boundary sliding. Simultaneously, the deterioration of fluidity may cause a decrease in the magnetic separation and the pinning force, or the coercivity. In the die-upset magnets, the deterioration of fluidity of the GB phase has a great influence as for not only the c-axis alignment (or the remanence) but also coercivity. Therefore, it should be a key point of the improvement of the magnetic properties to make the GB phase with higher Nd concentration.
Conclusion
Microstructure of the die-upset Nd-Fe-Co-Ga-B magnet was investigated by the latest electron microscopies. The texture composing of fine platelet Nd 2 (Fe,Co) 14 B grains with thin GB phase about 2-3 nm in thickness is accounting for 90% of the magnet. In this region, the GB phase is enriched in Nd and Ga, and thus has the high fluidity leads to the highly oriented Nd 2 (Fe,Co) 14 B grains. Near the interface of the original flakes, on the other hand, formation of many Nd 3 Co precipitates and Nd-oxide (NdO and fcc-(Nd,Fe)O x ) grains bring about the insufficiency of Nd in the GB phase. Consequently, the Nd-poor GB phase and the existence of Nd-oxide particles lead to inhomogeneous GB layer and a lower oriented texture. In order to achieve higher magnetic performance, it is very important to improve the fluidity of the GB phase, or to reduce the depletion of Nd at the GB phase.
